Abstract In this work, the surface modification of poly (1, 4-phenylene-cis-benzobisoxazole) (PBO) fibers by O2/Ar coaxial atmospheric dielectric barrier discharge was investigated, as well as the interfacial adhesion properties of modified PBO fibers/epoxy composites. The results indicated that the contact angle decreased remarkably from 84.7
Introduction
PBO fibers are of considerable interest because of their extensive applications in military protective clothing, communications materials, heat-resistant clothing, and sports goods. These applications depend on their excellent mechanical properties and chemical resistance, and thermal and oxidative stability over a wide range of conditions [1∼5] . However, one problem associated with PBO is its smooth and hydrophobic surface, which is attributed to the fact that PBO fibers are highly crystalline with a molecular chain oriented along the fiber axis [6∼8] . So, the use of PBO fibers as reinforcing elements in advanced composites has been limited by the poor fiber-matrix interfacial adhesion [9, 10] .
So far, many surface modification methods have been applied to enhance the interfacial adhesion strength between the matrix and the fibers, including coupling agents, radiation, chemicals, plasma processing, copolymerization modification, and enzyme treatment [11] . Plasma treatment offers some advantages over other treatments such as the minimum damage to the bulk properties of the fiber [12] , minimization of thermal degradation, and environment friendliness [13] . WU et al. [9] investigated the effect of the oxygen plasma treatment to improve the interfacial adhesion property using a pull-out test. It was reported that the IFSS was increased significantly compared to those of the untreated fibers, and caused only a minor reduction of tensile strength of the original PBO fiber. LIU et al. [14] showed that the surface properties of PBO fiber were affected by the applied power and treatment time in the atmosphere of Ar plasma. They demonstrated that the Ar plasma treatment could enhance the IFSS mainly by physical bonding at the interface. It is well known that the working gas has a significant influence on the surface properties of the treated samples. However, the surface modification of PBO fibers in a mixture of O 2 /Ar has hardly been reported in literature.
In this work, the surface properties of PBO fibers, modified by atmospheric pressure DBD in the mixture of O 2 /Ar, were investigated. The modified fiber surfaces were studied by SEM, AFM and CA. The changes in chemical structure were studied using XPS and FTIR. And the IFSS and ILSS of the PBO fibers/epoxy composites were examined as well.
Experiment

Materials
The PBO fibers (AS) were high modulus yarn from Toyobo Co. Ltd., Japan. The linear density and ten-sile strength of the fibers were 1.7 dtex and 5.8 GPa, respectively. The fibers were immersed subsequently in ethanol and distilled water at room temperature for 24 hours. Then the samples were dried in a vacuum oven at 80
• C for another 4 hours prior to plasma treatment.
Plasma treatment system set-up
The plasma treatment system (PLA-PLA) [15] was operated with an alternating current (AC) power source (Corona CPT-10, frequency 6∼30 kHz and V p−p 0∼20 kV). The reactor was purged with the gas mixture of argon and oxygen, and the flow rate was controlled by using mass flow controllers. Commercially (99.99% purity) available argon and oxygen were supplied into the discharge reactor.
Characterization
The surface morphology and surface roughness of PBO fibers were characterized by SEM (Phenom, Holland) and AFM (NanoScope IV, American). The wettability of the PBO fiber after treatment was evaluated by a contact angle tester (OCA40Micro, Germany). The chemical structures of PBO fibers were determined by FT-IR (NEXUS-670, Nicolet, USA). The surface chemical compositions of the samples were analyzed by XPS (PHI 5000 Versaprobe with an Mg Kα X-ray source operated at 25 W). The tensile strength properties of the samples were measured by using a single fiber tensile tester (XQ-1, China).
The IFSS of the PBO fiber/epoxy composite was measured by the single fiber pull-out test. The AG-80 epoxy resin and (NH 2 C 6 H 4 ) 2 SO 2 harder were mixed in 100 : 30 weight ratios in ethanol solvent and the mixture was dripped on each fiber by using a syringe. Then the samples were cured subsequently at 90
• C for 1 h, 120
• C for 2 h, 140
• C for 2 h and 170
• C for 1 h. The embedded fiber length and the fiber diameter were measured individually using an optical microscope. The interfacial shear strength could be calculated from IFSS= F/πDL, where F was the pull-out force, D the fiber diameter, and L the embedded fiber length. The pull-out force F was also tested by the single fiber tensile tester.
The PBO fibers were impregnated with D03E/acetone solution using a wet winding process. After removing the solvent, the PBO fibers/D03E composites were prepared by the compression molding technique. The ILSS of the composite board was tested according to the GB/T 1458-2008. The size of the sample was 18×6×3 cm 3 , and the load of destruction (P b ) was tested on a universal testing machine (Sanscmt5150). The formula of the ILSS is as follows: ILSS=3P b /4bh, where b and h are respectively the width and thickness of the sample.
3 Results and discussion
Contact angles analysis
The contact angle measurements were performed to determine the wettability of the PBO fibers. As shown in Fig. 1 , the contact angle decreased from 84.7
• to 68.38
• (by 25.3%) during the initial period of 3 min. However, when the treatment time was over 3 min, the contact angle began to increase. Similar variation of the contact angle versus the applied power was also observed, as shown in Fig. 2 . It could be explained as follows: the active sites on polymer surface were built during a short treatment time and at low treatment power; however, the damage to the active sites on the polymer surface became dominant after a longer treatment time or with higher power [9] . The change of the contact angles of the fibers by varying the flow rate of O 2 with 2 L/min of Ar is shown in Fig. 3 . The contact angle approached its lowest when the flow rate of O 2 was about 10 mL/min. However, there was a slight increase of the contact angle when the flow rate of O 2 was increased from 10 mL/min to 55 mL/min as more O 2 absorbed the electron to form O − 2 in the bulk plasma [16] . Fig.3 Dependence of the contact angle on the gas composition of O2/Ar (Plasma condition: Ar: 2 L/min; 400 W; 3 min)
Surface morphologies and surface roughness of the PBO fibers
As shown in Fig. 4 , the surface morphologies of the PBO fibers after O 2 /Ar plasma treatment were characterized by SEM. It was found that the untreated PBO fiber had an extremely smooth surface (see Fig. 4(a) ). During the initial treatment period, the presence of pits, cracks as well as small reactant was observed, which was produced by the reaction between the active particles in the plasma and the molecules on the surface of the PBO fibers (see Fig. 4(b) and (c) ). With increasing treatment time, the surface morphologies of the PBO fibers became more complicated (see Fig. 4 (e) and (f)). It can be caused by the bombardment of highenergy active species on the fiber surface [9] . 5 shows micrographs of the untreated and treated PBO fibers as observed by AFM. It was found that the PBO fiber had a smooth surface prior to the plasma treatment (Fig. 5(a) ). With increasing treatment time, more cone-like structures (see Fig. 5(b) and (c)) and a larger area of protuberances (see Fig. 5(d) ) can be observed on the surface. It is because the fiber surfaces were etched drastically with increasing treatment time. The results correlate well with the SEM analysis. The surface roughness of the fibers can be easily derived from the AFM images. Fig. 6 shows the dependence of the surface roughness on the plasma treatment time of the PBO fibers. For the untreated fiber, the surface roughness was only 117.41 nm. However, the surface roughness increased remarkably to 263.93 nm after 3 min O 2 /Ar plasma treatment, which indicates that the surface roughness of PBO fibers keeps increasing with the plasma treatment time from 1 min to 3 min. The surface elemental compositions of the samples were measured by XPS. Table 1 gives a general overview of the surface atomic distribution of the elements for the samples. It was found that the surface content of carbon and nitrogen was decreased and that of oxygen was increased after the O 2 /Ar plasma treatment, and the ratio of oxygen to carbon (O/C) was increased from 0.15 for the untreated to 0.24 for the treated samples. The correlative functional groups derived from the curve-fitting of the C (1s) envelope of the samples are listed in Table 2 . It can be seen that a new group of O=C-O was detected on the surface of the treated PBO fiber. Also, as expected, the concentrations of -C-C-, -C=O and -C-N-declined obviously while that of -C-O-increased. So it can be concluded that oxygencontaining groups (-C-O-and O=C-O) are introduced onto the fiber surface after O 2 /Ar plasma treatment, which contributes to the increase of O/C ratio.
Composite interfacial adhesion
A single fiber pull-out test was employed to determine the adhesion properties between the PBO fiber and epoxy resin after O 2 /Ar plasma treatment. Fig. 8 shows the dependence of the IFSS on the plasma treatment time of PBO fibers. An increase of IFSS from 8.74 MPa to 14.29 MPa (increased by 63.54%) was observed for the initial treatment period of 2 min. As discussed in section 3.1∼3.5, the increase of the surface roughness led to the enhancement of mechanical locking, and the increase of polar groups resulted in the strengthening of chemical bonding between the fiber and the resin [17, 18] . However, the IFSS started to decrease when the treatment time exceeded 2 min. From  Fig. 4 , more fragments of the fibers could be found, which formed a weak interfacial layer [19] . Moreover, the polar functional groups can also be bombarded off by the high-energy particles during a longer treatment time. If the action of the weak interfacial layer and the decrease of the number of polar groups become dominated, the IFSS starts to reduce. Similar variation tendency of IFSS values versus power was observed, as shown in Fig. 9 . The increase (from 8.74 MPa to 14.25 MPa) was attributed to the fact that a higher concentration of active species was generated when the power was higher. However, the weak interfacial layer effect played a dominant role when the plasma treatment operated at an even higher level of power. Table 3 shows that the adhesion strength of the treated PBO fiber/D03E composite is enhanced when the ILSS value increased from 3.3 MPa to 7.6 MPa, which is more than twice that of the untreated ones. It is well known that the stress transfer from matrix to fiber relies on the good adhesion properties in fiber Table 2 . Correlative functional groups on the PBO fiber surfaces
The concentration of correlative functional groups(%) reinforced composite systems [20] . As discussed above, the improvement of adhesion property was attributed to the physical and chemical bonding between the fiber and the matrix. 
Fiber tensile strength
The untreated samples showed a tensile strength of 5.72 GPa. Figs. 10 and 11 display the effects of O 2 /Ar plasma treatment time and power on the tensile strength of the PBO fibers. It indicates that the tensile strength was kept almost linearly decreasing with increasing time and power. Generally, the modification was limited to the outer atomic layers of the samples during a short treatment time or at low power, while damage to the bulk properties of fibers would occur after longer treatment or at higher power. This is in accordance with our examination of the fiber surface morphology. 
Conclusion
The effects of O 2 /Ar plasma treatment on the surface properties of PBO fibers was investigated, as well as the interfacial adhesion properties between PBO fibers and epoxy resin. The results of SEM and AFM indicate that the plasma treatment changed the surface morphology of PBO fibers, and the surface of fibers became rather rough. According to the contact angle measurement, the wettability of the fiber was improved obviously after plasma treatment. The IFSS of the PBO fibers/epoxy resin composite was increased by 63.54%, while the excellent tensile property of the PBO fiber was thus well preserved. As a result, the ILSS of the treated PBO/D03E composites increased substantially. Coaxial atmospheric dielectric barrier discharge is thus proved to be an effective way to modify the PBO fibers for composites.
